Objective In 2016, non-invasive, well-circumscribed and encapsulated, follicular variant of papillary thyroid carcinoma (NI-EFV PTC) was reclassified as noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP) in order to reduce overtreatment of this indolent tumor. However, the study cohort did not include subcentimeter tumors, i.e., papillary thyroid microcarcinoma (mPTC) with NI-EFV morphology, and such lesions are still regarded and staged by most pathologists as microcarcinomas. It is therefore crucial to evaluate the clinical outcome of subcentimeter NI-EFVs. Methods A total of 52 patients with unifocal mPTC, NI-EFV from five tertiary hospitals who had at least one year Bin Xu and Nada Farhat contributed equally to this work. clinical follow-up (FU) without post-operative RAI administration were included in the study. A control group of 57 invasive mPTC follicular variant was also included.
Introduction
The incidence of thyroid carcinoma has increased more than that of any other cancer in the United States, with an annual increase of 3.6% per year [1] and 62,980 new cases diagnosed annually [2] . The increase is in large part attributed to a sharp rise in the incidental diagnosis of papillary thyroid microcarcinoma (mPTC) and the follicular variant of papillary thyroid carcinoma (FVPTC), diagnoses made with some degree of subjectivity [3] . The frequency of papillary microcarcinoma among all papillary thyroid carcinoma (PTC) in one tertiary hospital, for example, has increased from 33% in the 1970s to 51% in 2009 [3] . Regardless of tumor size, the proportion of PTCs with a follicular growth pattern among all PTC has tripled from 18 to 57% for the past four decades, surpassing the classical type, and becoming the most common architectural pattern encountered in PTC [3] .
Histologically, the term papillary microcarcinoma is applied to any PTC that is less than or equal to 1 cm in size. FVPTC is characterized by an exclusively follicular growth pattern. Both are considered as variants of PTC and the diagnosis requires the presence of typical nuclear features of PTC [4, 5] . Recently, compelling clinical outcome data and molecular evidence, including The Cancer Genomic Atlas of PTC, have demonstrated that noninvasive FVPTC follows a highly indolent clinical course with negligible risk of recurrence and carries a molecular signature resembling follicular adenoma/follicular carcinoma with RAS mutation as the most frequently encountered alteration [4, [6] [7] [8] [9] . Realizing the epidemic in the diagnosis of non-invasive encapsulated follicular variant (NI-EFV), as well as its molecular signature and highly indolent nature, a working group of 28 endocrine experts critically reexamined this entity in 2014, advocating for a nomenclature revision to noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP), in an effort to reduce overtreatment of this highly indolent tumor by eliminating the term "carcinoma" [4] .
As the cohort of 109 patients with NIFTP studied by the consensus conference [4] and in previous reports [8, 10] included only tumors which were equal or more than 1 cm in size, the consensus diagnostic criteria of NIFTP did not explicitly address subcentimeter lesions, i.e., mPTC with NI-EFV morphology. Although it may be surprising that a subcentimeter non-invasive circumscribed follicularpatterned lesion may be classified as a microcarcinoma while a similar histologic lesion that is >1 cm in size is classified as NIFTP, there is currently no study with longterm follow up that addresses the outcome of mPTC NI-EFV. Additionally, the larger lesions are typically evaluated or noted preoperatively while the smaller lesions are typically identified incidentally, and therefore, often not particularly well-characterized or noted grossly. Thus, such lesions are labeled and staged by most pathologists as microcarcinomas. Of greatest concern, a substantial number of physicians routinely offer radioactive iodine (RAI) therapy to patients with unifocal and especially multifocal mPTC [11] contrary to the recommendations of various medical societies [12, 13] . Therefore, it is important to evaluate the clinical behavior and outcome of papillary thyroid microcarcinoma, NI-EFV.
In the current study, we gathered and studied the clinical outcome of 52 patients with unifocal mPTC NI-EFV from five tertiary hospitals who had at least one year of clinical follow-up and were not treated with post-operative RAI.
Material and methods

Study cohort
After obtaining approval from the various institutional review boards, the pathology database of five tertiary hospitals (Memorial Sloan Kettering Cancer center, (MSKCC), New York, NY, USA; Bologna University School of Medicine, Bologna, Italy; Massachusetts General Hospital (MGH), Boston, MA, USA; Brigham and Women's Hospital (BWH), Boston, MA, USA; and Sunnybrook Health Sciences Center (SHSC), Toronto, ON, Canada) were searched for candidate cases of unifocal mPTC NI-EFV. All cases were reviewed independently by nine endocrine pathologists (BX, NF, NK, VN, PS, JB, GT, WF, and RG) to confirm the diagnosis using the criteria proposed by Nikiforov et al. In brief, mPTC NI-EFV was diagnosed when a mPTC that was less than 1 cm in size and fulfilled all of the following criteria: (1) encapsulation or clear demarcation; (2) exclusive/predominant follicular growth pattern lacking psammoma bodies and with <1% true papillae and <30% solid growth pattern; (3) nuclear atypia in the form of nuclear enlargement, nuclear membrane irregularity and/or chromatin clearing with a nuclear score of 2-3; (4) absence of invasion (vascular or capsular); (5) no tumor necrosis; and (6) mitotic index <3 per 10 high power fields (400×) (Fig. 1) . In addition, patients with separate foci of carcinoma, less than one-year of follow-up, or who received post-operative RAI were excluded. A total of 52 cases operated between 1987 and 2015 fulfilled the above inclusion criteria.
Fifty-seven patients with unifocal invasive mPTC follicular variant were retrieved from the databases of MSKCC and SHSC and were included in this study as the control group.
Clinical review
The patients' charts were reviewed to record the following clinical parameters: age at diagnosis, gender, clinical presentation, indication for surgery, surgery type (total BRAF mutation analysis BRAF V600E mutation status was examined in five patients from MGH by immunohistochemistry using the VE1 primary antibodies against BRAF V600E (clone: VE1) as previously described [14] , and in six cases from Bologna University using allele specific locked nucleic acid polymerase chain reaction [15] .
Results
Patient cohort
A total of 2229 patients with papillary microcarcinoma as the largest focus in the thyroid resection operated between 1989 and 2014 were reviewed. After excluding cases with multicentric mPTCs and mPTC composed of histologic variant(s) other than NI-EFV, 109 patients (4.9%) were diagnosed with unifocal mPTC NI-EFV. Fifty-seven patients with unifocal mPTC NI-EFV were subsequently excluded as they did not have sufficient follow-up (>1 year) or had received post-operative RAI. Fifty-two patients (2.3%) mPTC NI-EFV fulfilling the inclusion criteria were included in this study. The number of included cases according to the institutions was as follows: MSKCC n = 35; Bologna University n = 8; MGH n = 5; BWH n = 5; and SHSC n = 2.
Clinico-pathologic findings of mPTC NI-EFV
The clinico-pathologic characteristics are summarized in Table 1 . Subcentimeter NI-EFV predominantly affected female patients with a male to female ratio of 1:6.4. The median age of diagnosis was 52 (range 27-81). The median size of these mPTC NI-EFV was 0.44 cm (range 0.1-0.9 cm). Seven tumors (13%) showed oncocytic features. Twentythree patients (44%) underwent lobectomy, while the remaining 29 (56%) had total thyroidectomy. Thirteen mPTC NI-EFV (25%) were detected pre-operatively by imaging study (non-incidental), while in the remaining 39 patients (75%), the mPTC NI-EFVs were incidental findings in thyroid resection specimens for other benign etiologies, including follicular adenoma (n = 8), nodular hyperplasia (n = 25), chronic lymphocytic thyroiditis (n = 4), diffuse hyperplasia (n = 1), and a benign thyroid nodule detected incidentally during work up for lacrimal gland carcinoma (n = 1). The preoperative fine needle aspiration (FNA) were available in 12 of the 13 patients with nonincidental mPTC NI-EFV, and the FNA diagnoses were suspicious for PTC (n = 7), suspicious for follicular neoplasm (n = 1), and atypia of undetermined significance (n = 4). The median size of non-incidental mPTC NI-EFV was 0.7 cm (range 0.4-0.9 cm). In 23 (44%) cases, the thyroid was submitted entirely for histologic examination, while in the remaining 29 patients (56%), the thyroid glands were sampled representatively. In cases with representative sampling, a mean of 12 thyroid sections were exanimated per specimen (median = 10, range = 2-26). All patients had no prior history of thyroid carcinoma, and lacked evidence of distant metastasis at the initial presentation. All tumors were confined to the thyroid, and resected completely with negative surgical margins during the initial surgery. Lymph node(s) were sampled in 20 (38%) patients. No lymph node metastases were detected at diagnosis. All eleven cases tested were negative for BRAF V600E mutation.
Outcome of mPTC NI-EFV
The median follow-up in our cohort was 4.3 years (range 1.0-18.1). Among them, 38 (73%) had at least 2 years follow up with a median follow-up of 6.3 years, and 25 (48%) had at least 5 years of follow-up with a median follow-up of 9.6 years. No recurrence or disease specific death was observed in the entire cohort.
Clinico-pathologic characteristics and outcome of the control group with unifocal invasive forms of papillary microcarcinoma, follicular variant (n = 57)
The control group included 9 (16%) patients with encapsulated follicular variants with invasion and 48 (84%) with infiltrative follicular variant ( Table 2 ). The median tumor size was 0.2 cm (range 0.03-0.9 cm). Thirty-three patients (58%) underwent lobectomy; while the remaining 24 (42%) had total thyroidectomy. Ten patients (17%) had additional non-carcinomatous lesions within the resection specimens, e.g. adenomas (n = 8) and supracentimeter NIFTP (n = 3). Five patients (9%) harboring papillary microcarcinoma infiltrative follicular variant had nodal metastases at initial presentation: three in the central (AJCC N1a) and two in the lateral neck (AJCC N1b) compartment. The two patients with lateral neck metastatic disease first presented with enlarged lateral neck masses and were found to have multiple lymph nodes containing mPTC, largest ones being 7.0 cm in one patient and 2.0 cm in the other one. The patients subsequently underwent total thyroidectomy. A single focus of infiltrative follicular variant was found in the entirely submitted thyroidectomy specimen with a tumor size of 0.2 and 0.7 cm, respectively. Forty patients within this group had follow-up information available. Two (5%) patients had received postoperative RAI. The median follow-up period was 6.5 years (range 0.4-23.3 years). One patient (2%) with a 0.6 cm infiltrative follicular variant of papillary microcarcinoma had neck recurrence 1.3 years after the initial surgery. The remaining patients were disease free at the last follow-up.
Discussion
Although papillary thyroid microcarcinomas are considered to be indolent neoplasms, especially when discovered incidentally, they are not infrequently overtreated [11, 16] . In 2003, some suggested renaming the incidental papillary thyroid microcarcinomas as papillary thyroid microtumors [17] . This proposed nomenclature was never adopted, likely due to the fact that rarely, papillary thyroid microcarcinomas metastasize regionally or even distantly [18, 19] . Isolated cases of fatal mPTC have also been described in the literature [19] . These previous studies on mPTC selected cases purely based on size without taking into consideration the architectural, cytologic, or invasive features of this tumor. Although papillary mPTC is currently considered to be a variant of PTC, it is the only variant of PTC that is defined by size rather than its architecture and cytomorphology [5] . Theoretically, mPTC could be classified according to PTC subtype/variant. A noninvasive encapsulated or well-circumscribed mPTC with exclusive follicular growth pattern, for example, could be classified as mPTC, NI-EFV, and many do subtype mPTC. As these subcentimeter NI-EFVs have not been included in the NIFTP consensus cohort, and as no previous studies have specifically reported the outcome of subcentimeter NIEFVs, many pathologists, if they choose to specifically comment on these lesions, especially in the context of a multinodular gland, diagnose them as mPTC rather than a All values are expressed as n and % of column total unless otherwise specified NIFTP. Although a recent study by Thompson has included a few (no more than five) subcentimeter NI-EFV as NIFTPs [20] , the current study is the first to focus specifically on the clinical behavior and outcome of these subcentimeter mPTC, NI-EFV, in order to determine if such lesions share a similar indolent clinical course as NIFTP. All cases were stringently reviewed and selected by multiple expert endocrine pathologists using the same diagnostic criteria of NIFTP. A meticulous histopathologic examination is of paramount importance since a deviation from these criteria may affect behavior. For example, the presence of a minor but significant amount of papillae formation (>1%) may increase the risk of lymph node metastasis despite a total lack of invasion [21] . It is also crucial to carefully scrutinize the border of the lesion for any infiltration into adjacent thyroid tissue, and in fact, there is the caveat of assessing definitive circumscription in such small lesions. Indeed, in very small tumors (e.g., less than 0.2 cm in size), deciding whether the tumor is non-invasive can be a challenging exercise since they are rarely encapsulated or well circumscribed. Unless there is clear demarcation from adjacent follicles such as in the 0.2 cm lesion depicted in Fig. 1c-d , it is preferable not to label these minute tumors as non-invasive. Similarly, the presence of incipient papillae may be difficult to appreciate in very small tumors. Again, only tumors that can be confidently assessed as having an almost entirely follicular architecture should be included in the NI-EFV category. A BRAF V600E immunostain could be helpful in these difficult situations. NI-EFV has been shown to lack BRAFV600E at the molecular and immunohistochemical levels in the majority of studies [4, 6, 7, 22] , including the current one with rare exceptions [23, 24] . Another requirement for an accurate assessment of invasion is a well sampled tumor capsule. Due to their subcentimeter nature, the majority of the lesions likely have the entire capsule submitted, but as many of them are found incidentally and lack gross identification, stating this as a certainty is not possible and a caveat for these lesions.
Only unifocally identified mPTC were included in this study to avoid sequelae associated with multifocal disease, although not all cases had the entire lobe or thyroid submitted for histological review, precluding the possibility of other occult unsampled lesions. Because of this study design, we cannot address the clinical behavior of multicentric mPTC NI-EFV. Future studies are needed to evaluate the outcome of multifocal mPTC NI-EFV. Additionally, we only included patients that were treated with surgery alone (lobectomy or total thyroidectomy) without post-operative RAI, as recommended by the American Thyroid Association [12] which enables us to follow the natural history of resected mPTC NI-EFV. In regard to follow up, we relied on structural rather than biochemical recurrence to assess patients' disease status. This was in part due to the fact that some cases were old and did not have adequate serum thyroglobulin data. Although a long follow-up time was not available in all cases, this study comprised 25 patients, each followed for at least 5 years, treated by surgery without RAI therapy who did not recur (median follow up of 9.6 years). Hence, these tumors seem to have a very indolent behavior similar to their supracentimeter counterparts [20, 25] . Indeed, most differentiated thyroid carcinomas recur during the first decade [26] although late recurrences and distant spread are documented [27] . Additional studies with longer follow-up are required to fully address the long-term outcome of these tumors. The indolent behavior of these subcentimeter NI-EFVs further reinforces the fact that invasion rather than nuclear features or tumor size drives outcome in encapsulated follicular patterned tumors [28, 29] . The lack of nodal metastasis in our cohort is also consistent with the fact that NI-EFV and NIFTP are mainly RAS and PAX8-PPARG driven tumors, behaving similarly to other encapsulated follicular neoplasms [7] , and in contrast to BRAFV600E-like tumors that typically demonstrate avidity for local lymph nodes [21, 30] . A control group of 57 patients with unifocal invasive forms of follicular variant of papillary microcarcinoma were included in this study. Although the clinical and pathologic characteristics, e.g., age, gender, size of the tumor, and procedure, were similar among patients with noninvasive and invasive forms of mPTC follicular variant, it is clear that the invasive form is associated with a non-trivial risk of nodal metastasis (9%) and disease recurrence (2%). Two patients presented with bulky lateral neck metastases and were found to have unifocal infiltrative follicular variant of papillary microcarcinoma in the entirely-submitted total thyroidectomy specimen. This further highlights the biological difference between noninvasive and invasive forms of papillary microcarcinoma and confirm our previous observation that the histotype of papillary microcarcinoma predicts outcome [18] .
The above data strongly suggest that subcentimeter NI-EFV are similar to larger NIFTP at the histologic and behavior levels. Classifying these subcentimeter lesions as NIFTP is not a pure academic exercise and may have important clinical consequences. Despite the past and recent recommendations of several medical societies [12, 13] , a significant proportion of clinicians proceed to completion thyroidectomy and RAI adjuvant therapy for unicentric mPTC throughout the world [11] . Although the proportion of unicentric mPTC NI-EFV among papillary microcarcinoma is not high (4.9% in the current study), they are probably in the thousands worldwide each year. Due to increased incidence of mPTC (51% of all PTC in 2009) [3] , the estimated universal annual incidence of thyroid carcinomas is approximately 300,000 cases [31] . If subcentimeter lesions meeting stringent criteria are rebranded as NIFTP instead of mPTC NI-EFV, a truly significant decrease in unnecessary treatment might be observed.
Conclusion
In conclusion, our study suggests that papillary thyroid microcarcinoma, noninvasive follicular variant, when stringently selected for, lacks metastasis at presentation and follows an indolent clinical course, even when treated conservatively without RAI therapy. These tumors should be distinguished from infiltrative mPTC and other variants of mPTC which can give rise to nodal metastases and, rarely, distant metastatic disease. The presence of nuclear features of PTC alone should not be sufficient to categorize these tumors as carcinoma. In one of Dr. Rosai's articles on the subject of FVPTC, he quoted Dr. Julian Huxley's remarks from a lecture given in the 1950s: 'Cancer (malignancy) must be defined operatively in terms of what the tumor cells do, not what they look like; otherwise the term ceases to have biological meaning' [32] . Because the histology and clinical outcome of mPTC, NI-EFV is similar to that of NIFTP, we recommend including PTC NI-EFV in the spectrum of NIFTP in order to avoid overtreatment and its side effects.
